There is a growing demand for the efficient treatment of organic polluted wastewaters by advanced oxidation processes (AOPs) which calls for the determination of the mineralization order of ease for the organic contaminants with oxidants. The mineralization abilities of organic contaminants in AOPs are investigated in this work. Photocatalytic experiments for three representative organic contaminants are carried out, and their corresponding reaction rates are determined experimentally. Meanwhile, molar Gibbs free energy changes ∆ r G m°f or the reactions of 31 organic contaminants (10 chlorinated hydrocarbons, four brominated hydrocarbons, 11 aromatic hydrocarbons and their derivatives, three chloroacetic acid, and three chloroacetyl chloride) with oxidants of
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• OH, H 2 O 2 ,
• O -, O 3 , and O 2 are calculated, and the mineralization order of ease is determined theoretically on the basis of ∆ r G m°. The agreement of the theoretical and experimental mineralization abilities for most of the organic contaminants investigated implies the reliability of the determination of the mineralization ability from the magnitude of ∆ r G m°f or the mineralization of trace organic contaminants. Results also show that for most of the organic contaminants studied, the mineralization abilities are
, and the mineralization ability of the organic contaminants depends on not only the oxidants but also the structure and properties of the organic contaminants themselves, and the degradation reaction products.
Introduction
The widespread pollution of surface, ground, and drinking waters with toxic and hazardous organic contaminants demands an increasing effort toward the scientific and technological development for the cleanup of wastewaters. To mineralize the contaminants thoroughly, advanced oxidation processes (AOPs) have been used for the treatment of drinking water sources and for the remediation of contaminated waters. [1] [2] [3] [4] AOPs include TiO 2 and ultraviolet radiation (UV), ozone (O 3 ) and UV, the Fenton reagent (H 2 O 2 /Fe 2+ ), H 2 O 2 and UV, O 3 with H 2 O 2 , high-frequency ultrasound waves, γ rays, and high-energy electrons, etc. [5] [6] [7] [8] The feasibility of these processes has been verified experimentally. [2] [3] [4] [5] 8, 9 In AOPs, hydroxyl radical (
• OH) or other highly reactive radical species are generated and react rapidly with the organic contaminants in aqueous solutions. 10, 11 Because of the diversity and the complexity of the contaminants in water, various AOPs are generally integrated to increase the degradation efficiency. To design the integrated AOPs, it is important to determine the mineralization order of ease for the organic contaminants with different oxidants.
Experimentally, the degradation rate constants are investigated to indicate the mineralization order of ease of organic contaminants, 9 and the larger the rate constants, the faster and easier the organic contaminants are mineralized. However, for some organic contaminants, the results of degradation order from different research groups are inconsistent. For example, for benzene and its derivatives, the degradation rate order is benzene > toluene > chlorobenzene in the work of Glaze and Kang, 12 while it is toluene > benzene > chlorobenzene in refs 13 and 14. Therefore, new reliable measurements and further theoretical analysis are needed.
On the other hand, as mentioned by Brezonik, 15 an empirical rate equation is used to fit the experimental data in order to obtain reaction rate constants. However, in most cases, the time related concentration data do not fit any rate expression exactly. 15 Consequently, it is desirable to measure the initial velocities and then obtain the rate constant. It is because, during this period, the product concentrations can be kept low and then the opportunities for side reactions are reduced. 15 Therefore, in this work, the photocatalytic experiments are performed to determine the degradation order of ease for three representative organic contaminants. The photocatalytic experiments are performed for 5 min in the same reactor with the same light intensity and similar initial concentrations of the organic contaminants.
Theoretically, previous research have shown that the reaction rate relates to activation energy and the driving force of a reaction, i.e., the Gibbs free energy change of reaction (∆G r ). [16] [17] [18] In many AOPs, due to the addition of catalyst, the activation energy is decreased, and then the driving force (∆G r ) becomes the main factor to control the reaction rate. In addition, most AOPs are performed at room temperature and 1 atm; i.e., ∆G r ) ∆ r G°, and thus reaction rates can be reflected from the magnitude of ∆ r G°. This observation also has been verified in our previous work, 14 and the mineralization order of ease for eight organic contaminants with the oxidant of • OH has been determined. However, in AOPs, many other oxidants may appear and react with the organic contaminants, and such theoretical study has not been performed yet. In this work, the mineralization order of aqueous organic contaminants with possible oxidants of • 
is purchased from Degussa Co., Dusseldorf, Germany, and the mass ratio of the anatase to rutile is about 4.
Photocatalytic Degradation Reaction and Experimental Procedure.
The photocatalytic degradation reaction is performed in a batch reactor XPA-II Model photochemical reactor (Nanjing XuJiang Co.). The volume of the reactor is 1.0 L, a medium-pressure Hg lamp of 300 W is put in the middle, and recycled water is used for cooling. The reactant solution is stirred by a magnetic stirrer to keep the catalyst suspended in the solutions. The catalyst P-25 and H 2 O are dispersed by ultrasonic concussion for 10 min before they are put into the reactor with the organic solution. Then the magnetic stirrer and ultraviolet lamp are turned on, and air flows into the reactor with the flow rate of 200 mL · min -1 . The adaptometer begins timing when the catalyst and the aqueous solutions are mixed adequately, and the sample volume for analysis is 15 mL. After the analysis sample is taken out, the catalyst is removed using filtration membrane with 0.22 µm.
2.3. Analytical Equipment and Methods. SP-6890 Model gas chromatograph (Shandong Lunan Ruihong Chemical Instrument Co. Ltd.) is used to measure the concentrations of 1,2-dichlorobenzene. The quartz capillary chromatographic column is 0.32 mm × 30 m; the fixed phase is SE-54. The detection conditions are that the temperature of the boiling room and measuring room is 210°C; the initial temperature is 150°C. The concentrations of 1,2-dichloroethane and 1,1,2-trichloroethylene are determined by measuring the concentrations of the product Cl -with ion selective electrodes. A SCHOTT-GERÄ TE pH meter (Model CG0841, Mainz, Germany) is used to monitor the potential of the cell with a resolution of (0.1 mV.
Thermodynamic Calculation on Molar Gibbs Energy
Change of Reaction ∆ r G°T he mineralization order of ease for the organic contaminants with different oxidants is important in designing integration AOPs. Since it is reliable to determine the mineralization order of ease from the magnitude of ∆ r G°, 14 
Results and Discussion

Experimental Results.
The mineralization reaction rates with Degussa P-25 as the photocatalyst for the organic contaminants of 1,1,2-trichloroethylene, 1,1-dichloroethane, and 1,2-dichlorobenzene are measured in this work and listed in Table 1 together with our previous photocatalytic experimental results.
14 In Table 1 , C 0 is the initial concentration of the investigated organic contaminants and r 0 is the average degradation rate of the organic contaminants in the initial 5 min and is calculated by (C 0 -C t )/t, where C t is the concentration of the investigated organic contaminants at a certain time t. The values of r 0 reveal the degradation ability of organic contaminants. Since the r 0 listed in Table 1 is sequenced from large to small for each group, the corresponding mineralization ability of the organic contaminants in each group is from high to low. 
) -732.8884 kJ/mol
Comparison and Discussions on the Mineralization
Order of Ease. The determination of the mineralization order of ease for the organic contaminants with oxidants is vital for the efficient design of integration AOPs. Mineralization rates have been measured experimentally to determine the mineralization order of ease. ∆ r G m°f or the reaction of the common organic contaminants in water with five possible oxidants is calculated to determine the mineralization order of ease, and the smaller the ∆ r G m°, the easier the mineralization of organic contaminants. The calculation results are shown in Figures 1-5. Since the ∆ r G m°i s sequenced from small to large, the sequence number also represents the mineralization order of ease of aqueous organic contaminants. For almost all the organic contaminants investigated in this work, ∆ r G m°i s negative, which means that essentially all organic contaminants are thermodynamically unstable with respect to oxidation. This observation agrees with the view of Glaze and Kang. Figure 1 shows the mineralization order of the five oxidants for the mineralization of 10 chlorinated hydrocarbons. As shown in Figure 1 , for the mineralization of chlorinated hydrocarbons, the order is
The mineralization ease order of chloromethanes is CH 2 Cl 2 > CHCl 3 > CCl 4 , and the mineralization ability of the alkenes follows chloroethylene > 1,1-dichloroethylene ≈ 1,2-dichloroethylene > trichloroethylene > tetrachloroethylene. These results reveal a lower degradation ability with more C-H bonds being replaced by C-Cl bonds in alkanes and alkenes, and this observation agrees with the work of Sabin et al. 2 The mineralization ability order of chloromethanes has been investigated experimentally 2, 5, 9, 14, 24 and is summarized in Table  2 . In the TiO 2 photocatalysis investigated by Sabin et al., 2 the first-order rate equation is used, while in the TiO 2 photocatalysis investigated by Ollis, 9 for all 12 halogenated hydrocarbons examined, the initial rate of reaction is proportional to the coverage, θ x : rate ) kθ x , where θ x is given by a Langmuir isotherm, θ x ) (KC)/(1 + KC), where C is the solution reactant concentration and K is the apparent binding constant of the intermediate on the illuminated catalyst. For the investigations of trace organic contaminants in aqueous solutions, the con- 14 centration C of the organic contaminants is very low, so the expression of the coverage could be simplified as θ x ) (KC)/(1 + KC) ≈ KC. Therefore, the degradation rate could be simplified as rate ≈ kKC, which shows the degradation order at low concentrations is characterized by the parameter product kK. Table 2 shows that the mineralization orders from Sabin et al. 2 and Ollis 9 are consistent. The mineralization ease order of chloromethanes from ∆ r G m°c alculation agrees with the experimental results by Sabin et al., 2 Ollis, 9 and Ji et al. 14 In addition, the mineralization ability order of the alkenes obtained from ∆ r G m°i n this work is consistent with experimental results from Ollis, 9 Glaze and Kang, 12 and Sabin et al. 2 Meanwhile, the mineralization ability of 1,1,1-trichloroethane is larger than trichloroethylene, which also agrees with the experimental results of ref 5. These agreements verify the reliability of the determination of the mineralization ability from the magnitude of ∆ r G m°c alculated in this work. However, according to the experimental results in our previous work 14 and those by Ollis 9 and Sabin et al., 2 the degradation ability of trichloroethylene is stronger than dichloromethane, and the experimental results in this work and those by Haarstrick et al. 25 show that the mineralization ability of trichloroethylene is higher than that of dichloroethane, which disagrees with the results obtained from ∆ r G m°. This may attribute to the yield of the unstable intermediates, such as dichloroacetaldehyde and dichloroacetic acid in the degradation experiments of trichloroethylene 9, 26, 27 and the higher mineralization rate of the intermediate dichloroacetaldehyde compared to that of trichloroethylene, dichloromethane, and dichloroethane. Figure 2 shows the calculated ∆ r G m°f or the mineralization of brominated hydrocarbons with oxidants. According to Figure 2 , the mineralization ease order is dibromomethane > bromodichloromethane > dibromochloromethane > tribromomethane and the mineralization ability of the oxidants follows the order of
Brominated Hydrocarbons.
The mineralization order of brominated hydrocarbons can be determined from experimental results. In the work by Ollis, 9 the intrinsic rate constant shows the degradation order of CHBr 3 > CH 2 Br 2 while the binding constant shows the order of CH 2 Br 2 > CHBr 3 . In the work by Nguyen and Ollis, 29 it shows that the order of intrinsic reactivity is CHBr 3 > CH 2 Br 2 from k R values, while it is CH 2 Br 2 > CHBr 3 from the products of k R K R , where k R and K R are the intrinsic rate constant and the binding constant, respectively. However, the degradation order at low concentrations should be characterized by the parameter product k R K R . 9, 29 So the experimental mineralization order for trace brominated methanes should be CH 2 Br 2 > CHBr 3 , which shows our calculation results for trace brominated hydrocarbons agree with the experimental results.
Aromatic Hydrocarbons and Their
Derivatives. ∆ r G m°f or the reactions of aromatic hydrocarbons and their derivatives with oxidants is shown in Figure 3 . The mineralization ability of the oxidants follows -are used as oxidants, the mineralization order for aromatic contaminants is aniline > ethylbenzene ≈ 1,2-xylene > toluene > styrene ≈ benzene > chlorobenzene > phenol > 1,2-dichlorobenzene ≈ 1,4-dichlorobenzene > hexachlorobenzene. If O 3 is used as oxidant, the mineralization order follows ethylbenzene
The mineralization order for benzene and its derivatives has been determined experimentally. In the review in ref 5, the efficiency of the H 2 O 2 /UV process with a variety of aromatic compounds was investigated in batch and flow reactors equipped with low-pressure Hg lamps. And the mineralization order is toluene > benzene > phenol > chlorobenzene. In the summary of Glaze and Kang, 12 it is benzene (pulse radiolysis, pH ) 7) > toluene (pulse radiolysis, pH ) 7) > chlorobenzene (γ radiolysis, pH ) 9). The experimental results by TiO 2 photocatalysis in this work show that it is 1,2-xylene > toluene > benzene > chlorobenzene > 1,2-dichlorobenzene > phenol. Therefore, the order of these systems obtained from ∆ r G m°i n this work is the same as the experimental results obtained in our work and those by Legrini et al. 5 except for phenol. According to the degradation details of phenol from refs 30 and 31 for the degradation of phenol, some ring compounds (e.g., 1,2,4-trihydroxybenze, 1,4-benzoquinone, catechol, and hydroquinone) are produced as the stable intermediates, which may bring interventions and affect the rates for the degradation of phenol.
Chloroacetic Acid.
Haloacetic acids are known as disinfection byproducts, and their total level in drinking water cannot exceed the regulatory standards set, e.g., 60 µg · L -1 in the United States.
26 Figure 4 shows the ease order for the mineralization reaction is monochloroacetic acid (MCA) > dichloroacetic acid (DCA) > trichloroacetic acid (TCA). While the experimental results by Ollis 9 and Halmann 28 show that the degradation order is DCA > MCA > TCA. According to the degradation details of DCA from ref 34 during the degradation process of DCA, phosgene (COCl 2 ) is produced. According to the research results investigated by Ollis et al., 31 the degradation rates of phosgene (COCl 2 ) and DCA follow the order COCl 2 . DCA; the rapid consumption of the intermediate COCl 2 will accelerate the degradation reaction of the DCA. According to the detailed experimental results by Czili and Horváth, 32 the rate of disappearance of MCA and that of chloride formation from MCA are the same within the experimental error and the carbon containing intermediates are not detected. This may give an explanation why the degradation of DCA is higher than that of MCA. According to the photocatalytic degradation results of DCA over various bare and silver-deposited Degussa P-25 TiO 2 particles under aerobic conditions, the Cl -formation rate of DCA is over two times that of MCA, which agrees with the above analysis results. Moreover, the stoichiometric decrease of total organic carbon in the liquid phase indicates that there is no significant amount of intermediate containing carbon atom(s) during the photodegradation of TCA.
As shown in Figure 4 , for the degradation of MCA and DCA, the mineralization ability of the oxidants follows
The low magnitude of ∆ r G m°f or the reaction of trichloroacetic acid explains why trichloroacetic acid is nearly nonreactive in the TiO 2 photocatalytic experiment. 9 In the review of ref 5 only according to the standard oxidation potential (volt) of the oxidants, it is stated that the oxidation potential of the oxidants follows the order of
• OH > O 3 > H 2 O 2 . The calculation results indicate that the volts of the oxidation potential may not always represent the mineralization ability of the organic contaminants. The mineralization ability of the organic contaminants depends on not only oxidants but also the structure and properties of the organic contaminants themselves and the mineralization products.
4.2.5. Chloroacetyl Chloride. ∆ r G m°f or the reactions of chloroacetyl chloride with oxidants is shown in Figure 5 . ∆ r G m°o f trichloroethylene is lower than that of dichloroacetyl chloride, meaning an easier mineralization of trichloroethylene. This agrees with the statement that dichloroacetyl chloride is significantly less degradable than trichloroethylene. 26 Moreover, the positive ∆ r G m°f or the mineralization of trichloroacetyl chloride with the oxidant of O 2 means that trichloroacetyl chloride cannot be decomposed by the oxidation reaction with O 2 as oxidant. The low magnitude of ∆ r G m°f or all chloroacetyl chlorides implies that it is difficult to mineralize the chloroacetyl chlorides completely with mineral acids, carbon dioxide, and water as final products by AOPs.
As shown in Figure 5 , the mineralization order of ease is monochloroacetyl chloride > dichloroacetyl chloride > trichloroacetyl chloride. For the mineralization of chloroacetyl chlorides, the oxidation ability of the oxidants follows
Conclusions
The mineralization abilities of organic contaminants in AOPs are investigated in this work. Photocatalytic experiments for three representative organic contaminants are carried out, and their corresponding reaction rates are determined experimentally. Meanwhile, molar Gibbs free energy changes ∆ r G m°f or the reactions of 31 organic contaminants (10 chlorinated hydrocarbons, four brominated hydrocarbons, 11 aromatic hydrocarbons and their derivatives, three chloroacetic acid, and three chloroacetyl chloride) with oxidants of
• O -, O 3 , and O 2 are calculated, and the mineralization order of ease is determined theoretically on the basis of ∆ r G m°. The agreement of the theoretical and experimental mineralization abilities for most of the organic contaminants investigated implies the reliability of the determination of the mineralization ability from the magnitude of ∆ r G m°f or the mineralization of trace organic contaminants. Results also show that, for most of the organic contaminants studied, the oxidation abilities are
, and the mineralization ability of the organic contaminants depends on not only oxidants but also the structure and properties of the organic contaminants themselves and the degradation reaction products.
